Betaine (N,N,N-trimethylglycine) functioned most effectively as an osmoprotectant in osmotically stressed Rhodobacter sphaeroides cells during aerobic growth in the dark and during anaerobic growth in the light. The presence of the amino acids L-glutamate, L-alanine, or L-proline in the growth medium did not result in a significant increase in the growth rate at increased osmotic strengths. The addition of choline to the medium stimulated growth at increased osmolarities but only under aerobic conditions. Under these conditions choline was converted via an oxygen-dependent pathway to betaine, which was not further metabolized. The initial rates of choline uptake by cells grown in media with low and high osmolarities were measured over a wide range of concentrations (1.9 ,uM to 2.0 mM). Only one kinetically distinguishable choline transport system could be detected. Kt values of 2.4 and 3.0 ,uM and maximal rates of choline uptake (Vm..) of 5.4 and 4.2 nmol of choline/min mg of protein were found in cells grown in the minimal medium without or with 0.3 M NaCl, respectively. Choline transport was not inhibited by a 25-fold excess of L-proline or betaine. Only one kinetically distinguishable betaine transport system was found in cells grown in the low-osmolarity minimal medium as well as in a high-osmolarity medium containing 0.3 M NaCl. In cells grown and assayed in the absence of NaCi, betaine transport occurred with a K. of 15.1 ,uM and a Vmax of 3.2 nmol/min mg of protein, whereas in cells that were grown and assayed in the presence of 0.3 M NaCl, the corresponding values were 18.2 ,uM and 9.2 nmol of betaine/min -mg of protein. This system was also able to transport L-proline, but with a lower affinity than that for betaine. The addition of choline or betaine to the growth medium did not result in the induction of additional transport systems.
Adaptation of bacteria to fluctuations in the osmolarity of their surroundings is crucial for their survival. In order to grow, cells must maintain positive turgor, which is an outward pressure resulting from a cytoplasmic osmolarity which exceeds that of the extracellular milieu (9, 13) . In Escherichia coli osmoregulation and -adaptation have been studied in detail (9, 12) . When E. coli is exposed to a sudden increase in external osmolarity, dehydration of the cells occurs, which results in an inhibition of growth (2, 19) . The bacteria can respond, however, to this osmotic shock by accumulating osmotically active solutes and resume growth when the internal osmotic pressure is appropriately raised (9, 13) . The primary response to an increase in osmolarity is the uptake of K+ ions via the constitutive Trk system, the osmotically regulated Kdp system, or both (6) . Although turgor pressure can be restored, growth rates usually remain low because of the inhibition of intracellular enzymes by the high cytoplasmic ionic strength (6, 9) . If possible, E. coli therefore accumulates so-called compatible solutes to replace K+. A compatible solute is functionally defined as a compound which can be accumulated to high intracellular concentrations with minimal damage to normal metabolism or enzyme function (9) . These osmoprotectants include small organic molecules, such as the amino acids glutamate and proline; betaines; and sugars, such as trehalose (5, 7, 9, 12) .
Betaine is accumulated under osmotic stress in widely different organisms such as chemoheterotrophic bacteria (9) , halotolerant photosynthetic bacteria, marine animals, and halophilic plants (13) . In E. coli betaine and its precursor choline have only an osmoregulatory role. These compounds cannot serve as a carbon or nitrogen source, and the * Corresponding author. expression and activities of the transport systems for betaine and choline are modulated by the osmotic strength of the medium (15, 21) .
Until now, nothing has been known about the response of the phototrophic bacterium Rhodobacter sphaeroides to increased medium osmolarity. We studied this response and present evidence in this report that betaine is the most effective osmoprotectant in R. sphaeroides under osmotic stress during aerobic growth in the dark or during anaerobic growth in the light. Choline also stimulated growth at increased osmolarities, but only under aerobic conditions.
MATERIALS AND METHODS
Culture conditions. R. sphaeroides 2.4 The intracellular glutamate concentration in cells grown aerobically in the dark in minimal medium was found to be 54.9mM. The addition of 0.1 and 0.2 M NaCl resulted in a decrease in the specific growth rate to 0.15 and 0.13/h, respectively. The intracellular glutamate concentration increased to 99.1 mM in the presence of 0.1 M NaCl, while in the presence of 0.2 M NaCl the internal concentration decreased to 32.9 mM. No significant changes in the intracellular glutamate concentrations were observed when 1 mM glutamate was added to the medium (data not shown). Other amino acids were not present at high intracellular concentrations (i.e., concentrations did not exceed 2 mM), and these concentrations did not change upon an increase of the medium osmolarity.
The intracellular concentration of proline increased at a high medium osmolarity only when proline was added to the medium. In the presence of 1 mM external proline, the internal concentration in cells during growth in the minimal medium was approximately 0.5 to 0.8 mM. The internal proline concentration increased to 84.9 and 116.4 mM in the presence of 0.1 and 0.2 M NaCl, respectively (data not shown). The specific growth rate increased at a high medium osmolarity (0.2 M NaCl) from 0.13 to 0.16/h in the presence of proline. The specific growth rate in minimal lactate medium supplemented with 1mM L-proline was significantly higher (0.22/h), which indicates that proline is not a very efficient osmoprotectant in R. sphaeroides.
Osmoprotection by choline and betaine. Under aerobic growth conditions in the dark and in the presence of 0.4 M NaCl, the addition of choline or betaine (final concentration, 1 mM) increased the specific growth rate from 0.11 to 0.19/h (Fig. 1A) , which was close to the growth rate in the absence of NaCl (0.20/h). Under anaerobic conditions in the light, betaine also increased the specific growth rate in the presence of 0.4 M NaCl from 0.11 to 0.23/h, whereas the addition of choline had hardly any effect on the growth rate (0.12/h; Effects of osmotic strength on choline transport. Cells of R. sphaeroides grown aerobically in the dark in the minimal lactate medium and then washed and suspended in a lowosmolarity buffer were able to transport choline at a high rate (4.8 nmol/min. mg of protein) (Fig. 2) . Upon the transfer of the cells from the minimal medium without NaCl to a medium with 0.3 M NaCl (upshock), choline uptake decreased to 0.5 nmol/min mg of protein. A gradual increase in the uptake rate was observed during the first 3 h after upshock (data not shown). This increase in the rate of choline uptake was only slightly inhibited by 50 p,g of chloramphenicol per ml, which indicates that the increase in transport activity was not due to de novo protein synthesis.
R. sphaeroides grown in the minimal lactate medium with an elevated osmotic strength (0.3 M NaCI) showed a significant rate of choline uptake (2.6 nmol/min -mg of protein)
when the osmolarity was high (0.3 M NaCl). In the lowosmolarity minimal medium without NaCl (downshock), the initial uptake rate was even higher (3.6 nmol/min mg of protein). Kinetics of choline transport. The initial rates of choline uptake over a wide concentration range (1.9 p.M to 2.0 mM) showed saturation kinetics in cells grown in low-and highosmolarity media. Eadie-Hofstee plots (Fig. 3) Effects of osmotic strength on betaine transport. Betaine uptake was observed in cells of R. sphaeroides that were grown aerobically in the dark in minimal lactate medium without salt (Fig. 4) . The initial betaine uptake rate was 2.4 nmol/min mg of protein in cells that were washed and suspended in a low-osmolarity medium. The rate of uptake increased to 8.0 nmol/min-mg of protein, and betaine was accumulated to 132.4 mM, when the cells were washed and suspended in a high-osmolarity medium (0.3 M NaCI). In cells that were grown in medium with an elevated osmotic strength (0.3 M NaCl), a high uptake rate of betaine (7.2 nmol/min. mg of protein) was also observed in the presence of 0.3 M NaCl. The initial rate of betaine uptake decreased to 2.4 nmol/min * mg of protein in these cells in the absence of NaCl. Immediate stimulation of betaine transport by NaCl in cells grown at low osmolarities was also found in the presence of 50 ,ug of chloramphenicol per ml.
Kinetics and substrate specificity of betaine transport. The initial rates of betaine uptake in cells grown in the minimal lactate medium with or without 0.3 M NaCl were determined over a wide range of concentrations (10 ,uM to 2.0 mM). Eadie-Hofstee plots of the data (Fig. 5) showed only one kinetically distinguishable betaine transport system in cells grown in low-osmolarity minimal medium as well as in high-osmolarity medium. A K, of 15.1 ,uM and a Vmn, of 3.2 nmol/min * mg of protein for betaine transport was determined in cells that were grown and assayed in the absence of NaCl, whereas in cells that were grown and assayed in the presence of 0.3 M NaCl, the values were 18.2 p.M and 9.2 nmol of betaine per min * mg of protein, respectively. The same betaine transport system thus seems to be operative in low-and high-osmolarity-grown cells, and no additional transport systems were induced when 1 mM betaine was present during growth (data not shown).
Transport of betaine was partially inhibited (approximately 33%) by a 25-fold excess of L-proline but not at all by a 25-fold excess of choline, indicating that the betaine transport system is also able to transport L-proline, but with a lower affinity than that for betaine. This conclusion is supported by the observation that uptake of L-proline is more effectively inhibited (approximately 70%) by betaine, especially at high L-proline concentrations (data not shown). 
DISCUSSION
This study presents evidence that betaine most effectively protects R. sphaeroides against osmotic stress. Growth of R. sphaeroides was inhibited by a high osmolarity of the medium. This inhibition was most likely caused by dehydration of the cells, which resulted in a high intracellular ionic strength, as has been described for E. coli (2, 19) . In a minimal medium with lactate as the sole carbon or energy source and ammonia as a nitrogen source, glutamate appeared to be the only amino acid whose intracellular concentration increased to some extent with the osmolarity of the medium. Variations in the internal glutamate concentration occurred in the absence of exogenously added glutamate, which indicated that these changes are due to metabolism. Similar observations have been made in E. coli and other bacteria. Glutamate dehydrogenase has been shown to be activated under these conditions, which results in increased synthesis of glutamate from 2-oxoglutarate and NH3 (23) . It has been suggested (5, 13) that glutamate functions as a counterion for K+, which is taken up and accumulated upon an increase of the medium osmolarity. Also in E. coli, K+ and its counterions (e.g., glutamic acid) can only give protection against a low level of osmotic stress (5, 12) .
Externally supplied proline or betaine were accumulated to high concentrations in osmotically stressed R. sphaeroides. However, the addition of proline did not result and the addition of betaine did result in a significant increase in the growth rate under conditions of osmotic stress (i.e., the presence of 0.2 M NaCl). It has also been observed in other bacteria that betaine is a more efficient osmoprotectant than VOL. 172, 1990 OSMOREGULATION IN R. SPHAEROIDES 153 proline is (22) . These observations can possibly be explained by the greater ability of betaine to protect macromolecules against denaturation by high ionic strengths (8, 17) . Aerobic growth of R. sphaeroides under conditions of osmotic stress was stimulated by choline and betaine, while under anaerobic growth conditions in the light, only betaine was effective. Tracer experiments showed that choline serves as a precursor for the osmoprotectant betaine, which accumulated in osmotically stressed cells. The dipolar character of betaine, which allowed it to be accumulated in the cytoplasm without counterions, appears to be crucial for its osmoprotective capability. Although choline could be taken up under conditions of anaerobic growth in the light, no conversion to betaine occurred. This indicated that choline is converted to betaine in R. sphaeroides via an oxygendependent pathway. In E. coli choline was converted to betaine, with betaine aldehyde as an intermediate, via the osmotically regulated, oxygen-dependent choline-betaine pathway (11) .
Only one constitutive choline transport system with a Kt value of 2.4 to 3.0 ,uM was present in R. sphaeroides, and no additional transport systems were induced by the presence of choline. The rate of choline uptake (Vmax of 5.4 nmol of choline per min * mg of protein) was highest in cells grown in a low-osmolarity medium. A sudden increase in the medium osmolarity (upshock) inhibited choline transport, after which a gradual chloramphenicol-insensitive increase in the uptake rate of choline was observed. This indicated that the increase in transport activity is not caused by de novo protein synthesis; it is most likely due to restoration of cell turgor pressure by the accumulation of K'.
R. sphaeroides possesses one constitutive betaine transport system which is activated at increased osmotic strengths. The synthesis of this transport system was not induced by osmotic stress since the immediate increase in betaine transport in low-osmolarity-grown cells after an upshock was also observed in the presence of chloramphenicol. A Kt of 18.2 ,uM and a Vmax of 9.2 nmol/min mg of protein were determined for betaine transport in cells grown in a high-osmolarity medium (0.3 M NaCl). This system was also able to transport L-proline, but with a lower affinity than that for betaine.
Betaine transport has been studied most extensively in E. coli and Salmonella typhimurium and has been found to be quite similar in the two organisms (3, 4) . Two genetically distinct transport systems exist: a high-affinity system encoded by proU and a low-affinity system encoded by proP (3, 4) . The inducible, high-affinity system (proU) is binding protein dependent, and both the synthesis and the activity of the transport system are increased at high osmolarities (3) . Both betaine and proline are taken up by the constitutive proP system. This system functions most likely as an ion symporter, and activation of proP by a hyperosmotic shift has been demonstrated in whole cells and membrane vesicles of E. coli (16) .
Activation of betaine transport at increased osmotic strengths was observed in E. coli (see above). A possible mechanism could involve deformation of the cell membrane because of changes in the turgor pressure. This, in turn, led to a conformational change in the transport protein and stimulation of betaine uptake. Different mechanisms by which betaine protects the cell against osmotic stress have been suggested. It may provide an osmotic balance across the membrane, and in addition, it can specifically protect enzymes against high salt concentrations (9, 13). The mechanisms by which betaine protects R. sphaeroides against osmotic stress are unclear.
